Cladocera zooplankton as carriers of bacteria result in biological risk due to their occurrence in drinking water treatment systems. In this paper, bench-scale experiments were performed to investigate the inhibition effect on Daphnia magna (D. magna) by controlling its phototactic behavior. The results showed that UVA had a negative effect on the phototaxis of D. magna, indicating an active movement away from light source, while blue light was positive in inducing phototactic behavior. The water quality could influence the phototactic behavior of D. magna. When the turbidity value was higher than 10 NTU or total organic carbon (TOC) concentration was beyond 4 mg/L, the phototaxis of D. magna to UVA (25 μw/cm 2 intensity) or blue light (1,000 Lux intensity) was significantly weakened. It was difficult for D. magna to offset the effect of water flow by its phototactic movement when the flow rate was higher than 10 mm/s. According to the above results, with suitable process parameters in full-scale experiments, the occurrence of D. magna in the effluent of sedimentation tank and activated carbon filter was obviously inhibited by the UVA irradiation and blue light induction, respectively.
INTRODUCTION
In recent years, there have been many reports on the occurrence of cladocera zooplankton in drinking water sources (Chen et al. ; Bichai et al. ; Pascual et al. ) .
Cladocera exhibit great vitality and transfer potential, and can easily penetrate treatment processes to enter drinking water (Bichai et al. ) . Cladocera can be seen by the naked eye, which would cause consumers to feel that the water is unsanitary. As well, zooplankton may harbor viable microorganisms which are protected from disinfection during drinking water treatment. Therefore, the occurrence of cladocera in drinking water treatment processes poses a threat to human health. Zooplankton have frequently been found in the effluent from waterworks in southern China (Tao et al. ) , with Limnoithona sinensis 
Bichai et al. () found that zooplankton clouds carry
Giardia cysts and Cryptosporidium oocysts against disinfection and enter pipe networks, and then pathogenic protozoa attached to zooplankton were re-released to the water. Lin et al. () found that as a carrier, L. sinensis could provide protection to attached bacteria from disinfection.
Some effective approaches have been reported as how to eliminate zooplankton from the drinking water treatment process. Schreiber et al. () found that the optimization of backwashing could reduce the zooplankton density in the effluent of sand filters. Mesocyclops leuckarti of zooplankton can be effectively removed in water by chlorine dioxide preoxidation combined with a conventional drinking water treatment process (Zuo et al. ) . In China, a strengthening conventional water treatment combined with preoxidation was used to control zooplankton. However, these present methods have disadvantages, such as the instable removal effect, high operation cost, resurrection of zooplankton and disinfection by-products. Therefore, it is essential to explore a new approach to effectively control the penetration of zooplankton in the drinking water treatment Similarly, the phototaxis of zooplankton has also been affected by the concentration of organic matter and turbidity in water, which in natural waters are different from those in the drinking water treatment process.
In this paper, the phototaxis of D. magna was investigated when it was exposed to UV irradiation or visible light induction. The influences of turbidity, organic matters, and water flow rate on D. magna's phototaxis were analyzed. The feasibility was discussed of effectively inhibiting the penetration of zooplankton by controlling its phototaxis in the drinking water treatment process. A full-scale experiment was then conducted to verify the effectiveness of this approach.
MATERIALS AND METHODS

D. magna sampling
Zooplankton were collected from the effluent water of a sedimentation tank in a waterworks in Wuxi, China, using 
).
The experimental equipment
Two different experimental set-ups were designed to simulate the flow condition of horizontal sedimentation tank and vertical filters, respectively. Both experiments were carried out in two patterns, i.e., the quiescent water experiment and the flowing water test. The pump and the valves were used to adjust the water flow rate in the flowing water test.
To simulate a horizontal sedimentation tank, the experimen- are the water valves, in which K1-K3 were used to control the water flow rate while the rest were used to discharge water and collect D. magna after irradiation. L, M1, M2, R, U, and D are the chamber numbers.
turned on and the light intensity adjusted to the desired level on facet A, which was the closest facet to the light. After irradiating for a certain time, the light was turned off, the partition was inserted between each two chambers and a plankton net (pore size ¼ 0.074 mm) was fixed beneath every water outlet to collect effluent D. magna, which were counted using a microscope. Fifty D. magna in the absence of illumination were used as a blank control. In the horizontal flowing water test, all experimental conditions were similar to those of quiescent water experiments except for using a pump to adjust the water flow according to the desired flow rate.
In quiescent water vertical experiments, 50 D. magna are introduced into the device from chamber U, which was then covered with a plankton net (pore size ¼ 0.074 mm). In the flowing water test, a pump was used to adjust the water flow rate. In this study, the experimental procedures were the same as in horizontal experiments.
Experimental parameters and phototaxis measurement
In this study, the experimental conditions were controlled at a pH value of 6.5 to 7.5 by NaOH and HCl solutions, and temperature around 24 ± 1.5 C according to the actual treatment process. Turbidity of 1, 5, 10, 15, and 20 NTU and the TOC of 2, 4, 6, and 8 mg/L were adopted to investigate the effect of water quality on phototaxis of D. magna.
A pre-test showed that D. magna could obviously perceive the stimulation of UV irradiation at an intensity of 10 μW/cm 2 , therefore 5, 10, 15, 20, and 25 μw/cm 2 UVlight intensities were used in the phototaxis experiment, where the exposure times were 1, 2, 3, 4, and 5 min. The water flow rate was 0, 0.83, 1.67, 2.5, and 3.33 mm/s in vertical experiments and 0, 5, 10, 15, and 20 mm/s in horizontal experiments, respectively. To ensure the reliability of the results, the experiment was performed in three parallels, so three replicate measurements of each sample were taken and the average value determined (p <
0.05).
A pre-test showed that in the quiescent water, D. magna tended to be an even distribution in the horizontal direction but a centralized distribution in the bottom of the vertical experimental equipment. In the horizontal experiment, the phototaxis was measured according to the methods described by Michels & Meester () . The phototactic behavior was characterized by the phototactic index as shown in Equation (1):
where L, M 1 , M 2 , and R represent the number of D. magna in each chamber. The phototactic index ranges from 1 as extremely positive behavior to À1 as extremely negative phototactic behavior (Meester ).
In the vertical experiment, the phototaxis measurement was characterized by a phototactic index as shown in Equation (2): 
RESULTS AND DISCUSSION
The effect of light wavelength on phototaxis According to the above experiments, the UVA at 25 μw/cm 2 intensity with 5 min irradiation and blue light at 1,000 Lux intensity with 3 min irradiation were selected for subsequent study in negative and positive phototaxis experiments, respectively.
The transmission of light in the water
The perception of D. magna to light is closely related to the transmission of light in water, which is mainly influenced by the water quality, such as the turbidity and TOC. Due to the low turbidity of experimental water samples, light transmission in the water is mostly in line with Lambert-Beer's law. According to Lambert-Beer's law, the light absorption in the solution is expressed by Equation (3):
where A is absorbance, I 0 is the initial light intensity, I is the light intensity after flow through one certain thickness of liquid layer, k is proportional constant, b is the thickness of liquid layer, and c is the concentration of the solution.
A hypothesis was put forward to simulate the transmission of light in water, as shown in Equation (4):
where I 0 is the initial light intensity, I is the light intensity after flow through a certain thickness of liquid layer, a is the turbidity, b is the thickness of liquid layer, and c is TOC concentration.
According to the results of experiments, the functional expressions were established as Equations (5) and (6) for describing the transmission of UVA and blue light in water, respectively. The boundary conditions were given according to the experimental condition in the process of developing mathematical models. The detailed derivation process is shown in the Supplementary material (available with the online version of this paper).
(1 NTU a 20 NTU, 0 cm b 60 cm, 2 mg=L < c < 8 mg=L)
Four random experiments were carried out to estimate the accuracy of the two models. The results are shown in Table 1 . The relative errors were lower than 10%, meaning that the two models are feasible to analyze the influence of turbidity and TOC on phototaxis.
The effect of turbidity on phototaxis
Water turbidity is often used to investigate the characterization of scatter or absorption of light in water samples. The results in Figure 7 show the effect of turbidity on its positive phototaxis when D. magna was exposed to blue light. When the turbidity was within 10 NTU, D. magna showed a significant positive phototaxis, PI stabilizing at around 1.0 after 5 min irradiation. When the turbidity The results in Figure 9 show that the changes of TOC concentration also had an impact on the positive phototaxis of D. magna. When it ranged from 0 mg/L to 4 mg/L, PI increased significantly with the increasing exposure time. process was examined by controlling its phototactic behavior in a full-scale experiment. As is shown in the above investigations, if turbidity value is higher than 10 NTU or TOC concentration is beyond 4 mg/L, the phototaxis of D. magna can be weakened in waters. Therefore, the influent water qualities of the sedimentation tank and activated carbon filter were measured in an actual waterworks. As shown in Figure 12 (a), in the sedimentation tank, the turbidity value was beyond 10 NTU from August to October and TOC concentration was higher than 4 mg/L from July to September. In order to improve the influent water quality, After installing the lamps, the effluents of the sedimentation tank and activated carbon filter were sampled at 1, 10, and 24 h performance after the trial began. The result is shown in Table 2 . It was obvious that the irradiation of UVA and blue light hold back the occurrence of D. magna in effluent of the sedimentation tank and activated carbon filter. When the flow rate is Figure 12 | The water quality in (a) the sedimentation tank and (b) activated carbon filter. 
